Introduction
============

Overabundance of nutrients from freshwater inputs to the northwestern Gulf of Mexico and its coastline continues to be a major cause for concern. The most prominent and well documented issue is hypoxia and degradation of aquatic resources along the inner continental shelf of the Gulf of Mexico off the coasts of Louisiana and Texas. The summer 2008 Gulf hypoxic zone, one of the three largest in size since 1985, encompassed approximately 21,000 km^2^ ([@b34]). One of the principal causes for the increasing size of the Gulf hypoxic zone is considered to be the increasing supply of nitrogen (N) and phosphorus (P), particularly nitrate from agricultural sources, delivered to the Gulf each year ([@b55]; [@b11]). The availability of nutrients within Gulf waters stimulates excessive phytoplankton growth, which depletes dissolved oxygen (DO) in the bottom water as it dies and decays. These low-DO conditions can be detrimental to fish and other marine life at or near the bottom waters.

The formation and persistence of the Gulf hypoxic zone is largely caused by the discharge of nutrients from the Mississippi-Atchafalaya River basin (MARB) and water column stratification from MARB freshwater inflows ([@b55]; [@b26]; [@b76]). A goal has been established by a consortium of federal, state, and local partners to reduce the five-year running average areal extent of the Gulf hypoxic zone to about 5,000 km^2^ by 2015 ([@b39]). Water resource managers, who are charged with development of reduction strategies, have need to prioritize watersheds within the MARB for nutrient load reduction efforts to achieve the Gulf hypoxia reduction goal in the most cost-effective manner. Information needed for prioritization includes determining which watersheds in the MARB deliver the highest nutrient loadings to the Gulf, and what are the primary nutrient sources in those watersheds. Several studies exist in which MARB watersheds are ordered as to their relative contribution to the total nutrient load into the Gulf. For example, [@b27] and [@b70] used data from the U.S. Geological Survey (USGS) National Stream Quality Accounting Network (NASQAN) to estimate nutrient loads from the major watersheds of the MARB. [@b2] and [@b57] used model simulations to estimate nutrient loadings from states and watersheds in the MARB. In most cases, the Upper Mississippi River drainage area, which accounts for about 75% of the MARB drainage area and includes the Missouri, Ohio, and Upper Mississippi River main-stem watersheds, delivers about 80% of the total nitrogen (TN) and about 74% of the total phosphorus (TP) load to the Gulf ([@b57]).

It is reasonable to expect that if the majority of the overall nutrient load from the MARB delivered to the Gulf originates from the Upper Mississippi River drainage area, then this part of the MARB would also be prioritized with respect to mitigation activities. For example, the Mississippi River Basin Healthy Watersheds Initiative (MRBI) of the U.S. Department of Agriculture, Natural Resources Conservation Service (USDA-NRCS), was established in 2010 to redirect existing USDA funding to the 12 states identified as top contributors to the overall nutrient load from the MARB to the Gulf ([@b73]). Forty-one watersheds were selected in the MARB to receive funding to install practices designed to reduce nutrient loads from streams that drain agricultural areas. Of the 41 watersheds selected, 26 were located in the Upper Mississippi River drainage area. Although the Lower Mississippi River drainage area, which includes the Arkansas, White, Red, Yazoo, and Atchafalaya River watersheds, delivers only about a quarter of the TN and TP load to the Gulf, it is still important to understand the Lower Mississippi River\'s influence on Gulf hypoxia. In addition, nutrient-related issues within the Lower Mississippi River drainage area are locally important to state water resource managers tasked with development of nutrient criteria, total maximum daily loads, and nutrient reduction strategies relative to their state.

Although hypoxia along the inner continental shelf of the Gulf is of national significance, other nutrient-related issues such as localized hypoxia and harmful algal blooms in bays and estuaries along the coasts of Louisiana and Texas in the northwestern Gulf are also becoming more prevalent. Based on work by [@b10]; see also [@b45]) as part of the National Estuarine Eutrophication Assessment, the influence of excessive nutrients is considered moderate in the Upper Laguna Madre, Corpus Christi Bay, San Antonio River Bay, and Matagorda Bay along the Texas coast and is considered high in the Barataria Bay along the Louisiana coast. Their assessment was not based on a direct measure of nutrient loads to each bay, but rather a measure of "symptoms" of high nutrient loads such as high chlorophyll *a*, low DO, and diminished estuary flushing capacity. Similarly, [@b12] reported that Calcasieu Lake, Galveston Bay, San Antonio Bay, Corpus Christi Bay, and Laguna Madre had some of the highest levels of eutrophication among all the bays of the Gulf. [@b68] reported fish kills in bays along the Texas coast since 1951. Galveston Bay and Matagorda Bay had the largest number of fish kill events and total number of fish killed during their period of study due to low DO. They concluded that the low DO was caused by physical conditions of the bays (temperature, altered hydrology, salinity) and increased algal blooms (toxic and nontoxic) exacerbated by increased inputs of nutrients from upstream watersheds. In Louisiana, nutrient-rich waters from the Mississippi River and adjacent Louisiana drainages have caused changes in phytoplankton species composition in the Lake Pontchartrain basin ([@b42]) and caused episodic increases in noxious and harmful algal blooms in Lake Pontchartrain ([@b17]) and Barataria Bay ([@b18], [@b17]). As was discussed for the Lower Mississippi River drainage area, it is important to water resource managers in Louisiana and Texas to quantify nutrient loads delivered to each of the bays and estuaries along their respective coastlines, to determine from where these loads originate in the upstream watersheds, and to determine the primary sources of the nutrient loads.

SPAtially Referenced Regressions On Watershed attributes (SPARROW) models were developed to assess the sources and delivery of TN and TP from streams in the South-Central United States (U.S.). This area includes the Lower Mississippi, Arkansas-White-Red, and Texas-Gulf hydrologic regions ([Figure 1A](#fig01){ref-type="fig"}) (hydrologic unit codes 08, 11, and 12, respectively, as described in [@b62]), hereafter referred to as the Lower Mississippi Texas-Gulf (LMTG) region, which drain to coastal waters along the northwestern part of the Gulf of Mexico. Development of these models for the LMTG region was part of regional assessments conducted by the USGS National Water-Quality Assessment (NAWQA) Program to understand water-quality conditions and trends in eight major river basins of the U.S. \[[@b29]; see also previous nutrient-related report for the LMTG region by [@b56]\]. These models are included with other SPARROW models developed by the NAWQA Program for major regional drainages of the U.S. and reported in this Featured Collection (see [@b50]). The regional SPARROW models represent an update to national SPARROW models ([@b63]; [@b2]) in that they were based on more calibration sites including those on smaller streams, they were calibrated with more recent data (standardized to the base year of 2002), and they incorporated variables previously unavailable in the national models such as point source data. In addition, models developed for the LMTG region border regional SPARROW models developed for the southeastern U.S. ([@b31]; [@b24]). Our models coupled with the southeastern SPARROW models provide a complete picture of nutrient loadings and sources from all major watersheds that drain to the Gulf.

![Lower Mississippi Texas-Gulf Region With (A) Hydrologic Region Boundaries and (B) Watershed Boundaries With Calibration Sites Used in the Total Nitrogen and Total Phosphorus SPARROW Models.](jawr0047-1061-f1){#fig01}

Nutrient sources relevant to land-use and landscape conditions in the LMTG region were represented in the models, as well as aquatic and terrestrial processes that influence nutrient transport and delivery. Model simulations presented here could provide baseline information to assist with the development of water management plans, both at the national level in terms of Lower Mississippi River nutrient inputs to the Gulf, and at the local level with respect to individual watersheds draining to a particular bay or estuary along the Louisiana and Texas coasts. This article documents the TN and TP SPARROW models developed for the LMTG region, and presents selected applications of the models such as summarizing load and yield estimates from the entire region, identifying major sources of N and P, and identifying major contributing watersheds based on delivered loads and yields. In addition, this article presents an example of how model output can be used on a local level to identify areas of a coastal watershed where delivered nutrient yields are elevated and to identify the primary sources of nutrients in those areas.

Methods
=======

The LMTG region encompasses all or parts of 11 states in the South-Central U.S. and includes rivers such as the Lower Mississippi, Yazoo, Canadian, Cimarron, Arkansas, White, Red, Sabine, Neches, Trinity, Brazos, Colorado, San Antonio, and Nueces ([Figure 1A](#fig01){ref-type="fig"}). The western part of the LMTG region is fairly rural with few large cities; the eastern part is also rural with respect to land area but is more populous, containing 2 of the top 10 metropolitan centers in the U.S. (Dallas-Ft. Worth and Houston-Galveston, [@b71]). Temperature gradients do not vary considerably throughout the LMTG region, but rainfall patterns do vary, with fairly arid conditions in the western part and humid subtropical conditions in the eastern part that result in frequent annual inputs of moisture from the Gulf of Mexico ([@b46]). Thus, land-use patterns typically reflect rainfall and water availability in that the more arid part of the region in the west is home to large tracts of pasture and rangeland while the eastern part is well-known for large areas of row-crop production. Implications are that streamflow and nutrient loadings will be larger in the eastern part than in the western part of the LMTG region due to rainfall and land-use patterns.

Estimates of TN and TP from the LMTG SPARROW models represent nutrient contributions from the fluvial drainages that enter bays and estuaries along the Louisiana and Texas coasts or that discharge directly to the Gulf of Mexico. The TN and TP model estimates do not reflect the effects of processes that occur within the waters of any particular bay or estuary. Implications are that load estimates presented here may be relevant to water-quality and eutrophication issues in bays and estuaries (e.g., localized hypoxia and harmful algal blooms), but the load estimates from a bay or estuarine watershed may not be relevant to hypoxia on the inner continental shelf of the northern Gulf of Mexico. For ease of use, however, the estimates of TN and TP are summarized graphically for the major watersheds of the LMTG region, and it is inferred that each drains to the northwestern Gulf of Mexico. The watersheds and their associated names are identified according to the NOAA Coastal Assessment Framework ([Figure 1B](#fig01){ref-type="fig"}) ([@b44]) for central-western Gulf of Mexico estuaries, except for the following selected watersheds, which were combined to simplify the presentation: (1) the Lake Borgne watershed includes reaches from the Breton/Chandeleur Sound watershed, (2) the Atchafalaya River/Terrebonne Bay watershed is a combination of the Atchafalaya/Vermillion Bays and the Terrebonne/Timbalier Bays watersheds, and (3) the Upper Laguna Madre watershed includes reaches from the Palo Blanco River watershed. In addition, some of the watershed names did not reflect important rivers or tributaries as part of their NOAA-assigned name and were revised to include those important rivers. For example, the Galveston Bay watershed was revised to be the Trinity River/Galveston Bay watershed ([Figure 1B](#fig01){ref-type="fig"}).

SPARROW models use a hybrid statistical and process-based approach that relates nutrient loads (or mass) to upstream sources, landscape characteristics that influence nutrient transport, and instream loss ([@b65]; [@b63]; [@b51]). The input datasets for the model are spatially referenced to a digital stream reach network, and in this case, the enhanced Reach File 1 network, version 2 (eRF1_2), was used to estimate basin characteristics for each reach such as drainage area, stream velocity, slope, and flow ([@b74]; [@b9]). This reach network serves to relate upstream and downstream loads, and for any specific reach, the SPARROW model estimates loads totaled for all upstream reaches as well as loads generated for a particular reach. Catchments were generated for each eRF1_2 reach, and these catchments were used to allocate spatial data for nutrient source and landscape and aquatic characteristics data to each reach ([@b78]; unless otherwise noted all spatial data in this article are from this source).

The SPARROW model uses nonlinear least squares regression during the calibration process, in which nutrient sources are weighted by estimates of loss due to overland and instream processing ([@b51]). Load estimates at sampled locations are the "dependent" variables in the SPARROW model during the calibration process; and source, landscape characteristic, and instream loss terms are the "independent" variables (landscape characteristic terms are, hereafter, referred to as land-to-water delivery terms). Source terms are included in SPARROW models to help explain variability in loads leaving stream reaches. Land-to-water delivery terms are included to determine their significance on the delivery of nutrients from the land surface to LMTG stream reaches. Instream loss terms are included to represent the amount of nutrients lost as upstream sources are related to downstream loads. Spatial referencing is retained for all input terms in the model so that estimated loads can be interpreted in a spatial context. Further information about the mathematical form of the SPARROW model can be found in [@b61] and in the Supporting Information for this article.

Total nitrogen and TP loads (dependent variable) were estimated using a software package called Fluxmaster, which uses an adjusted maximum likelihood approach as described in [@b61]. TN and TP loads were determined with log-linear water-quality regression models that relate the logarithm of constituent concentration to the logarithm of daily flow. The regression models compensate for trends in the data and seasonality (expressed using trigonometric functions of the fraction of the year). The mean annual load for each sampling location is standardized to the 2002 base year, which means that the estimate of the mean nutrient load is one that would have occurred in 2002 if mean annual flow conditions from a much longer period of time had prevailed (in this case, 1980-2002). The standardization process can also be referred to as "detrending," in that the time series of nutrient load estimates at a particular site is "pivoted" on the base year. This process removes trends in load datasets at individual sites, if they exist, so that load estimates at all calibration sites are comparable prior to the calibration process. Source and land-to-water delivery data were also summarized for the 2002 base year (further explanation about the concept of the base year is given in [@b51]).

Total nitrogen and TP concentration data used to estimate loads were acquired from the USGS, USEPA, and databases from the states of Mississippi, Louisiana, Oklahoma, Texas, Arkansas, and Kansas. TN and TP concentration data from the various federal, state, and local databases were assumed to be of similar quality although sampling protocols and quality assurance procedures likely differed. Sites selected for model calibration were screened using criteria related to the type and amount of water-quality data available at each site. Selected sites were then matched with nearby streamflow gaging stations, and mean daily flow data used for load estimation were acquired from USGS and selected U.S. Army Corps of Engineers (USACE) gaging stations. Flow record was considered usable for load estimation if inclusive of the 2002 base year. A complete description of the screening and collocation process is available in the Supporting Information as well as in [@b59]. Once the screening process was completed, there were 344 calibration sites available for the TN model and 442 calibration sites available for the TP model ([Figure 1B](#fig01){ref-type="fig"}). The median drainage size for both sets of calibration sites was about 700 km^2^. In comparison, the national model developed by [@b2] was calibrated with 425 sites across the U.S., of which the median drainage area was about 10,500 km^2^ and only 68 were located within the LMTG region.

Selection of source, land-to-water delivery, and loss terms (independent variables) considered for LMTG SPARROW models was guided by: (1) review of terms selected for the national SPARROW model ([@b2]) and for the southeastern U.S. regional SPARROW TN model (hereafter referred to as SE-TN model, [@b31]), and (2) a review of sources and potential delivery mechanisms identified in local studies (e.g., [@b38]; [@b15]; [@b25]; [@b14]; [@b28]; [@b16]; [@b69]). Urban sources considered in both the TN and TP models included load estimates for municipal and industrial point sources, urban runoff based on residential land-use classes, and impervious surface area. Point source data for the year 2002 were used directly, if available, from the USEPA Permit Compliance System (PCS) ([@b75]), or were estimated using methods documented by [@b36]. Agricultural sources considered in both models were fertilizer applied to agricultural lands and livestock manure from confined and unconfined animal feeding operations. N and P fertilizer and livestock manure sources were further refined on the basis of crop type. All agricultural source datasets were based on county-level estimates for each state in the LMTG region. Other sources considered only for the TN model included wet deposition of total inorganic nitrogen (TIN), which is the combination of wet deposition of ammonia-N and nitrate-N (hereafter referred to as atmospheric deposition, and similarly detrended to 2002 as were load estimates at sampled locations), and fixation of N by selected crops such as soybean, alfalfa, and hay. Other sources considered only for the TP model were P attached to suspended material from in-channel erosion and background sources of P (forest, wetlands, scrub, and barren land-use categories). In addition, the LMTG region includes only the lower portion of the Mississippi River basin; therefore, a TN and TP load for the Upper Mississippi River basin was assigned as a "source" to the uppermost Mississippi River reach in the LMTG region as a boundary condition for each model. The Upper Mississippi load estimates were calculated by summing load data for 2002 for the Upper Mississippi River main stem, the Missouri River, and the Ohio River as published from the USGS NASQAN program ([@b5]).

Land-to-water delivery terms considered for both models were precipitation (average for 2002 and 30-year average), soil permeability, channel slope, overland flow in excess of infiltration, overland flow in excess of saturation, drainage density, surficial geology classifications, bedrock geology classifications, hydrologic landscape regions, groundwater recharge, and estimated area of irrigated agricultural lands. Land-to-water delivery terms considered only for the TP model were estimated area of dams not included in the eRF1_2 reach network, average clay content, average silt content, and soil erodibility factor (*K*-factor from the Universal Soil Loss Equation).

Nutrient removal, or loss, in streams was modeled in SPARROW according to a first-order decay process, in which the fraction of contaminant removed in a given stream reach is estimated using an exponential function of an instream loss rate and travel time in the stream reach ([@b52]; [@b61]). In this approach, the loss simulated by SPARROW is a consequence of the combination of all biological or chemical processes that may contribute to nutrient loss in streams. Individual loss processes such as denitrification in the TN model were not considered separately. Loss associated with stream transport can vary by stream size ([@b1]; [@b61]); therefore, loss in both the TN and TP models was estimated for LMTG streams by considering three stream size classes defined by flow percentiles as: (1) streams with flows ≤1.4 m^3^/s (roughly 10% of all average annual flows for stream reaches in the region), (2) streams with flows \>1.4 and ≤28 m^3^/s (28 m^3^/s or less represents roughly 75% of all annual flows for stream reaches in the region), and (3) streams with flows \>28 m^3^/s. Loss in reservoirs was also modeled as a first-order decay process, and expressed as an apparent settling velocity (or mass transfer coefficient) in units of length per time. Reservoir loss is estimated as a function of the ratio of outflow discharge and surface area of the reservoir, and it represents the net effect of processes that remove nutrients from the water column to reservoir sediments and processes that add nutrients back to the water column (e.g., mineralization, dissolution, and resuspension) ([@b61]).

Coefficients for each considered term were computed during the calibration process (nonlinear least squares regression), and the coefficients were evaluated for statistical significance. The final calibrated SPARROW models were selected based on assessment of significance level (α = 0.05) and interpretability of each source, land-to-water delivery, and loss term. Model coefficients, their standard errors and significance levels (*p*-values), and 90th percentile confidence limits are presented in this article for each model. Confidence limits for the coefficients were computed using a *t*-distribution with *N*− *k* degrees of freedom, where *N* is the number of monitoring locations, and *k* is the number of coefficients estimated in the model. The robustness of the coefficients of the final TN and TP models were examined using nonparametric resampled bootstrapping procedures with 200 iterations. The bootstrapping procedures produce a mean value for the coefficients in each model (see [@b61], for more information about bootstrapping procedures).

Model performance, or goodness of fit, was evaluated on the basis of root mean square error, coefficients of determination (*R*^2^), and magnitude and spatial distribution of residuals. A residual is an expression of the difference between the measured loads used for calibration and the model-estimated loads. For this article, residuals are standardized to have zero mean and unit variance and are referred to as studentized residuals (see [@b61], for further explanation and derivation of a studentized residual). Spatial distribution of residuals was evaluated for regional biases including land use, geology, hydrology, and other possible explanatory considerations, each of which led to additional model runs for evaluation as a possible source or land-to-water delivery term in the models. Further explanation of statistical values that were used to evaluate model performance can be found in the Supporting Information. The final model was selected on the basis of (1) lowest root mean square error, (2) highest yield *R*^2^ (yield is calculated as load divided by contributing drainage area, therefore, yield *R*^2^ is the coefficient of determination adjusted for scaling effects due to drainage area), (3) lowest residual magnitudes, and (4) residuals with the lowest degree of spatial bias based on visual inspection of mapped residuals.

Model output were mean annual predictions of nutrient mass for all stream reaches in the LMTG region and include the load (mass per time), yield (mass per unit area per time), concentration (mass per unit water volume), and source-share contributions (percentage of the load for each source). Stream load and yield were reported for three spatial domains: (1) total drainage area upstream of an individual reach outlet, (2) the incremental reach drainage area, which is mass delivered to the downstream end of an individual reach exclusively from sources in the catchment that drain directly to the reach without passing through another reach (e.g., the incremental drainage area), and (3) the amount of mass delivered from an incremental or total drainage area from an individual reach to a downstream water body, for example, estuary, reservoir. Their corresponding metrics are hereafter referred to as the "total,""incremental," and "delivered" load or yield, respectively. These metrics provide management-relevant information about the sources and fate of nutrients from local to regional spatial scales. The delivered load or yield was calculated by multiplying the total or incremental value of a stream reach by the SPARROW estimate of the "delivery fraction," which quantifies the proportion of the nutrient load that is delivered to downstream waters without any removal by natural attenuation processes. (Note: definitions presented here are modified from [@b77]).

Model output presented in this article includes maps of incremental and delivered incremental TN and TP yield estimates generated for the entire LMTG region and for each individual watershed. Statistical information that summarizes incremental yields and source shares for the entire LMTG region are tabled, and maps are included that present primary source shares for each incremental drainage area. In addition, this article presents delivered load and yield estimates that were accumulated for each of the 15 LMTG watersheds (tabled). These estimates describe the cumulative mass generated in a watershed from all stream reaches that terminate at the watershed outlet. The accumulated delivered load and yield estimates were produced for these watersheds using a parametric bootstrapping approach with 200 model iterations, so the estimates include corresponding standard errors and 90th percentile confidence limits. More details are available in the Supporting Information describing computations used to accumulate delivered loads and yields by watershed.

Results and Discussion
======================

Model Calibration Results
-------------------------

Source, land-to-water delivery, and loss terms for the final TN and TP SPARROW models for the LMTG region are presented in [Table 1](#tbl1){ref-type="table"}. The final TN model included six source terms, which were atmospheric deposition, industrial and municipal point sources, urban runoff from residential land-use classes, livestock manure from confined and unconfined animal feeding operations (separate terms), and fertilizer applied to crops; two land-to-water delivery terms, which were overland flow in excess of infiltration and 30-year average precipitation; two instream loss terms, which were for streams with average streamflows ≤1.4 m^3^/s and streams with average streamflows \>1.4 and ≤28 m^3^/s; and one reservoir loss term. All final terms in the TN model were highly significant (*p* \< 0.01).

###### 

Model statistics for the total nitrogen and total phosphorus SPARROW models developed for the Lower Mississippi Texas-Gulf region

                                                                                                                                 90th confidence interval for mean coefficient                                                         
  ------------------------------------------------------------------------------------------------------ --------------- ------- --------------------------------------------------------------------------- ------- ------- --------- -------
  **Total nitrogen**                                                                                                                                                                                                                   
  **Sources**                                                                                                                                                                                                                          
   Atmospheric deposition[1](#tf1-1){ref-type="table-fn"} (kg/yr)                                        dimensionless   0.216   0.148                                                                       0.284   0.041   \<0.001   0.208
   Point sources[2](#tf1-2){ref-type="table-fn"} (kg/yr)                                                 dimensionless   1.39    0.943                                                                       1.84    0.271   \<0.001   1.35
   Urban runoff[3](#tf1-3){ref-type="table-fn"} (km^2^)                                                  kg/km^2^/yr     609     358                                                                         860     152     \<0.001   577
   Livestock manure, confined[4](#tf1-4){ref-type="table-fn"} (kg/yr)                                    dimensionless   0.169   0.079                                                                       0.260   0.055   0.001     0.166
   Livestock manure, unconfined[5](#tf1-5){ref-type="table-fn"} (kg/yr)                                  dimensionless   0.075   0.029                                                                       0.122   0.028   0.004     0.075
   Farm fertilizer[6](#tf1-6){ref-type="table-fn"} (kg/yr)                                               dimensionless   0.061   0.040                                                                       0.083   0.013   \<0.001   0.059
  **Land-to-water delivery**                                                                                                                                                                                                           
   Infiltration excess overland flow[7](#tf1-7){ref-type="table-fn"} (%)                                 dimensionless   0.027   0.018                                                                       0.036   0.006   \<0.001   0.027
   Precipitation[8](#tf1-8){ref-type="table-fn"} (ln(mm))                                                per mm          1.65    1.29                                                                        2.03    0.224   \<0.001   1.73
  **Aquatic loss**                                                                                                                                                                                                                     
   Streams[9](#tf1-9){ref-type="table-fn"}, = 1.4 m[3](#tf1-3){ref-type="table-fn"}/s (days)             per day         0.365   0.230                                                                       0.499   0.082   \<0.001   0.329
   Streams[10](#tf1-10){ref-type="table-fn"}, 1.4 \< Q = 28 m[3](#tf1-3){ref-type="table-fn"}/s (days)   per day         0.079   0.044                                                                       0.114   0.021   \<0.001   0.078
   Reservoirs[11](#tf1-11){ref-type="table-fn"} (yr/m)                                                   m/yr            12.1    7.56                                                                        16.6    2.75    \<0.001   11.70
  **Model diagnostics**                                                                                                                                                                                                                
   Number of observations                                                                                344                     R[2](#tf1-2){ref-type="table-fn"} load[12](#tf1-12){ref-type="table-fn"}            0.919             
   Mean square error                                                                                     0.304                   R[2](#tf1-2){ref-type="table-fn"} yield[13](#tf1-13){ref-type="table-fn"}           0.863             
   Root mean square error                                                                                0.552                                                                                                                         
  **Total Phosphorus**                                                                                                                                                                                                                 
  **Sources**                                                                                                                                                                                                                          
   Point sources[2](#tf1-2){ref-type="table-fn"} (kg/yr)                                                 dimensionless   1.86    1.18                                                                        2.53    0.407   \<0.001   1.79
   Urban runoff[3](#tf1-3){ref-type="table-fn"} (km^2^)                                                  kg/km^2^/yr     106     68.6                                                                        144     22.8    \<0.001   105
   Farm fertilizer[6](#tf1-6){ref-type="table-fn"} (kg/yr)                                               dimensionless   0.058   0.037                                                                       0.079   0.013   \<0.001   0.058
   Livestock manure[14](#tf1-14){ref-type="table-fn"} (kg/yr)                                            dimensionless   0.019   0.011                                                                       0.027   0.005   \<0.001   0.019
   In-channel erosion[15](#tf1-15){ref-type="table-fn"} (m)                                              kg/m            0.034   0.011                                                                       0.057   0.014   0.008     0.036
   Background sources[16](#tf1-16){ref-type="table-fn"} (km^2^)                                          kg/km^2^/yr     2.04    0                                                                           4.10    1.26    0.050     1.44
  **Land-to-water delivery**                                                                                                                                                                                                           
   Infiltration excess overland flow[7](#tf1-7){ref-type="table-fn"} (%)                                 dimensionless   0.033   0.021                                                                       0.045   0.007   \<0.001   0.033
   Precipitation[8](#tf1-8){ref-type="table-fn"} (ln(mm))                                                per mm          2.33    1.80                                                                        2.87    0.320   \<0.001   2.34
   Soil erodibility[17](#tf1-17){ref-type="table-fn"} (dimensionless)                                    dimensionless   8.83    6.32                                                                        11.3    1.52    \<0.001   8.74
  **Aquatic loss**                                                                                                                                                                                                                     
   Streams[9](#tf1-9){ref-type="table-fn"}, = 1.4 m[3](#tf1-3){ref-type="table-fn"}/s (days)             per day         0.250   0.144                                                                       0.364   0.067   \<0.001   0.260
   Reservoirs[11](#tf1-11){ref-type="table-fn"} (yr/m)                                                   m/yr            8.67    4.35                                                                        13.0    2.62    0.001     8.03
  **Model diagnostics**                                                                                                                                                                                                                
   Number of observations                                                                                442                     R[2](#tf1-2){ref-type="table-fn"} load[12](#tf1-12){ref-type="table-fn"}            0.878             
   Mean square error                                                                                     0.552                   R[2](#tf1-2){ref-type="table-fn"} yield[13](#tf1-13){ref-type="table-fn"}           0.798             
   Root mean square error                                                                                0.743                                                                                                                         

Note: SPARROW, SPAtially Referenced Regressions On Watershed attributes.

Average annual wet deposition of inorganic nitrogen (ammonia and nitrate), detrended for 2002.

Surface-water discharges from permitted wastewater discharge, municipal and industrial sources, 2002.

Developed land use classes (high, medium, low, and open) used as surrogate for urban runoff, 2001.

Livestock manure from confined animal feeding operations, 2002.

Livestock manure from unconfined animal feeding operations, 2002.

Commercial fertilizer applied to agricultural land, 2002.

Based on work by [@b8], in percent of streamflow for reach catchment.

30-year average precipitation, 1971-2000, natural log of mm.

Loss of nitrogen and/or phosphorus in reaches with mean daily discharges less than or equal to 1.4 m3/s.

Loss of nitrogen in reaches with mean daily discharges greater than 1.4 and less than or equal to 28 m3/s.

Loss of nitrogen and/or phosphorus through reservoirs is expressed as the inverse areal hydraulic load.

Coefficient of determination of the log-transformed load estimate.

Coefficient of determination of the log-transformed yield estimate.

Livestock manure combined from confined and unconfined animal feeding operations, 2002.

Surrogate for phosphorus attached to sediment from in-channel erosion, expressed as reach channel length.

Reaches whose mean daily discharges were less than or equal to 1.4 m[3](#tf1-3){ref-type="table-fn"}/sec were not statistically significant.

Surrogate for background sources of phosphorus based on area of forest, wetland, barren, and scrub land, 2001.

K-factor from Universal Soil Loss Equation.

The final TP model included six source terms, which were industrial and municipal point sources, urban runoff from residential land-use classes, fertilizer applied to crops, livestock manure from confined and unconfined animal feeding operations (combined term), sediment from in-channel erosion, and background sources; three land-to-water delivery terms, which were overland flow in excess of infiltration, 30-year average precipitation, and soil erodibility factor (or *K*-factor); one instream loss term, which was for streams with average streamflows ≤1.4 m^3^/s; and one reservoir loss term. Nearly all final terms in the TP model were significant (*p* ≤ 0.05).

Source, land-to-water delivery, and loss terms used in LMTG models were comparable to other SPARROW models ([@b65]; [@b2]; [@b31]) in terms of broad categories such as urban, atmospheric deposition, applied fertilizer, livestock manure, and background sources. However, there were differences between terms used in LMTG and other SPARROW models due to the need to specify and refine the models relevant to the LMTG region (which helped to explain variability observed in nutrient loadings and to reduce errors) and due to use of datasets previously unavailable to other models. For example, LMTG models utilized point source data from the USEPA PCS database and residential land-use classes from the 2001 National Land Cover Database (NLCD) to account for urban sources, whereas [@b2] used population as a surrogate to represent urban sources in the national model. Other departures included agricultural fertilizer sources, which were combined for all crop types in the LMTG models and in previous national models by [@b65], but were split according to crop type for national models developed by [@b2]. Attempts to account for agricultural fertilizer by crop type for the LMTG models were unsuccessful due to the fact that several crops were never statistically significant in LMTG model runs. Also, livestock manure from confined and unconfined animal feeding operations was treated as a combined source in the LMTG-TP model similar to other SPARROW models. However, livestock manure from confined and unconfined animal feeding operations remained as separate source terms in the TN model because both terms were statistically significant during the calibration process providing better refinement of the TN model for the LMTG region.

Model coefficients produced by the nonlinear least squares regression methods were robust and compared well to those produced by the nonparametric bootstrap methods, and in most cases, were within 5% of each other. Exceptions included one instream loss term in the TN model (difference in the coefficients from the two methods was about 10%) and the background source term in the TP model (difference in the coefficients from the two methods was about 34%).

*R*^2^ values were 0.92 and 0.88, and the yield *R*^2^ values were 0.86 and 0.80 for the TN and TP models, respectively, indicating that the assembled set of predictor variables used for the TN model explained variability in observed loads slightly better than did the predictor variables used in the TP model. Model uncertainty associated with load predictions for any given reach was lower for the TN model than the TP model as indicated by the root mean square errors, which were 0.55 and 0.74, respectively.

Studentized residuals of the TN and TP models for the LMTG region are plotted in [Figure 2](#fig02){ref-type="fig"}. Positive residuals indicate areas where the model underpredicts loads, and negative residuals indicate areas where the model overpredicts loads. Good model fit is indicated by: (1) residuals that are distributed randomly with no spatial patterns that could indicate a particular bias in the model for a specific geographic location, and (2) few residual "outliers," with an outlier being defined for this article as \<−3 or \>3. For the TN model residuals ([Figure 2A](#fig02){ref-type="fig"}), the model fits particularly well with no obvious spatial patterns. There were six TN residuals that were \<−3 or \>3 indicating possible outliers. The water quality and streamflow datasets at those sites were further investigated to ensure that there were no errors within each. No substantive reason to delete any of the six from calibration was found, and the conclusion was that the model simply did not fit well at these locations. For the most part, there were also no apparent spatial patterns in the TP residuals except for Mississippi where the model underpredicts TP loads. In addition, there were no TP residual magnitudes \<−3 or \>3.

![(A) Total Nitrogen and (B) Total Phosphorus Studentized Residuals From Lower Mississippi Texas-Gulf SPARROW Models. A residual is an expression of the difference between the measured loads used for calibration and the model-estimated loads. For this article, residuals are standardized to have zero mean and unit variance and are referred to as studentized residuals.](jawr0047-1061-f2){#fig02}

Nitrogen and Phosphorus Sources
-------------------------------

The present application of SPARROW includes nonconservative transport and mass-balance constraints. Given a specification of nutrient sources, the model estimates nutrient delivery from these sources to streams in relation to the land-to-water delivery terms specified in the model, which in the case of the LMTG models, included climate, infiltration excess overland flow, and soil erodibility (TP model only). Coefficients estimated for each source are expressed as either a percentage (fraction) for the mass variables delivered to the streams, or a unit area load to streams (kg/km^2^) for the land-use variables. Source coefficients account for losses (or gains) in the delivery of mass to all stream reaches throughout the model domain. Spatially variable land-to-water delivery factors such as climate and infiltration may account for additional gains or losses in delivery of mass to streams in areas where those variables affect loading.

Urban sources for both LMTG models included point sources and urban runoff. Point source loads were input as a mass (in kg) to both models and response variables were expressed in the same units. Model coefficients for point sources were expected to be near 1 (dimensionless), which infers that 100% of the input is delivered to the stream, as it is assumed that point sources discharge directly to receiving streams and their loads are unaffected by land-to-water delivery factors. However, coefficients for point sources in both the TN and TP models were \>1 ([Table 1](#tbl1){ref-type="table"}), indicating that during the calibration phase (comparison of estimated stream loads to measured loads) it was necessary to increase point source contributions above what was expected in order to meet the mass-balance constraints of the model. A possible explanation is that point source data used for these models do not fully account for, and thus underestimate, point source contributions in the LMTG region. In addition, the influence of septic systems and unsewered communities are unaccounted for in the model because data describing these sources are generally unavailable. For these reasons, the coefficients for point sources in the LMTG models being \>1 are considered a limitation, in that the models indicate more mass of nutrients from point sources being delivered from streams than mass introduced to streams in the LMTG region.

Urban nonpoint runoff is included in the model as an area term (in km^2^) expressed as a summation of land area for low, medium, high, and open space developed land-use categories from the 2001 NLCD. Developed land, therefore, serves as a surrogate measure of various diffuse urban sources in the model. These sources may include nutrient runoff from impervious surfaces and inflows from surface and groundwaters in urbanized catchments related to such sources as fertilizers, septic systems, sewage collection system leaks, sewage collection system overflows and bypasses, combined sewer overflows (where they exist), and atmospheric deposition from vehicle emissions. The model coefficient for urban runoff, expressed as kg/km^2^/year, from the TN model is about six times higher than the coefficient from the TP model (609 and 106 kg/km^2^, respectively, as shown in [Table 1](#tbl1){ref-type="table"}). Both coefficients agreed fairly well with published ranges, such as those found in [@b7], who completed a literature search to quantify ranges of N and P export rates for selected land-use categories. From their research, N export coefficients for urban nonpoint runoff typically ranged between about 400 and 1,200 kg/km^2^/year and were about six times higher than P export coefficients, which typically ranged between 60 and 270 kg/km^2^/year.

Agricultural sources in both LMTG models include fertilizer and livestock manure. Fertilizer inputs to the LMTG models are based on county-level fertilizer sales. Therefore, farm fertilizer sales serve as a measure of the location and intensity of farming activities; in addition to providing a direct measure of commercial fertilizer use, the fertilizer source in the LMTG models serves as a surrogate for other nutrient inputs to farms and the net effects of farm practices on nutrient runoff to the extent that they are spatially correlated with fertilizer sales. Therefore, model estimates of fertilizer contributions to streams may potentially reflect additional nutrient inputs to croplands from manure-based fertilizers and N fixation by legumes (e.g., soybeans, alfalfa) and the effects of some farm management practices (e.g., rotations, harvesting, conservation tillage). Nutrient mineralization and immobilization rates in cultivated soils are assumed to be approximately in equilibrium. Nutrients associated with livestock manure reflect contributions from the excreted wastes of *confined* animals, including those in concentrated animal feeding operation, and excreted wastes from *unconfined* animals on farms, pastures, and rangelands. Confined animal wastes include recoverable manure that may be applied to nearby farmlands as well as unrecoverable manure that is lost during the collection, storage, and treatment of the waste.

Coefficients for agricultural sources represent the net mean fraction of the source delivered from the land surface to the stream given the effect of land-to-water delivery losses specified in each model relevant to conditions in the LMTG region. For example, the coefficient for N from fertilizer applied to crops is 0.061 in the TN model ([Table 1](#tbl1){ref-type="table"}). In general, setting aside the effects of spatially variable land-to-water terms, this particular coefficient in the TN model indicates that for every kg of N fertilizer that is applied to the landscape, about 0.06 kg (or 6%) is delivered to a nearby stream. The remaining 0.94 kg of applied N fertilizer is removed either at the point of application (plant uptake and harvest) or during the transport process from land surface to the stream. The amount of N from agricultural sources delivered to streams in the LMTG region was as follows: about 6% (0.061 kg/kg) of applied fertilizer, about 17% (0.169 kg/kg) of livestock manure from confined feeding operations, and about 8% (0.075 kg/kg) of livestock manure from unconfined feeding operations ([Table 1](#tbl1){ref-type="table"}). These source coefficients can be vastly different from one area of the U.S. to another depending on crop type, soils, land-management practices, and other factors. As an example, rate coefficients for the SE-TN model were about 12% (0.12 kg/kg) for applied fertilizer and about 5% for (0.05 kg/kg) for manure from livestock production ([@b31]). The percent of P from agricultural sources delivered to streams in the LMTG region was as follows: about 6% (0.058 kg/kg) of applied fertilizer and about 2% (0.019 kg/kg) of livestock manure from the combination of confined and unconfined animal feeding operations ([Table 1](#tbl1){ref-type="table"}).

Atmospheric deposition estimates used as input to SPARROW are based on the use of wet deposition measurements at National Atmospheric Deposition Program (NADP) sites as a surrogate for wet plus dry inorganic N deposition. LMTG-TN model estimates of atmospheric N deposition delivered to streams is expected to account for additional contributions from dry N deposition forms because regional patterns of wet and dry deposition are generally correlated over large areas of the U.S. ([@b6]; [@b30]). LMTG-TN model estimates of atmospheric N contributions to streams primarily reflect *regional* atmospheric N sources, given that NADP wet-deposition estimates generally reflect regional N emissions from both agricultural and industrial stationary sources ([@b21]). In the LMTG region, atmospheric depositional patterns generally follow ammonia deposition rather than nitrate deposition ([@b78]) indicating more of an agricultural influence (fertilizer and livestock manure) on the TN model. Also, local atmospheric N sources, such as those associated with vehicle emissions, are likely to be included in contributions from other modeled N sources, especially urban sources (e.g., developed or impervious land).

About 22% (0.216 kg/kg) of N from atmospheric deposition onto the land surface was delivered to streams in the LMTG region on average; again, setting aside the effects of spatially variable land-to-water delivery terms ([Table 1](#tbl1){ref-type="table"}). The atmospheric deposition rate from the LMTG region is about half the rate for streams in the southeastern U.S., which was about 50% (0.5 kg/kg, SE-TN model) ([@b31]). [@b3] explored atmospheric N flux from watersheds of major estuaries of the U.S. In their work, average atmospheric deposition export rates were only slightly higher for southeastern watersheds than for LMTG watersheds. However, their work is not directly comparable to LMTG and SE-TN SPARROW model coefficient values because they only considered nitrate-N, whereas the SE-TN and LMTG-TN models included a combination of nitrate and ammonia N (or TIN). Climatic factors could be the main reason for the lower delivery rates of atmospheric N from the LMTG-TN model than from the SE-TN model. Rainfall in the LMTG region varies substantially with much lower rainfall in the western part (about 50 cm/year) than in the eastern part of the region (about 140 cm/year), and rainfall patterns in the eastern part of the LMTG region would be fairly comparable to rainfall patterns for the entire region of the SE-TN model.

Stream length (or stream channel) was found to be a significant source of sediment in a recent national application of the SPARROW model ([@b60]). Stream length was included in the TP model because P bound to mobilized sediment from in-channel erosion is considered a likely source of P in the LMTG region. As P is delivered to the stream directly via point sources, such as industrial and municipal wastewater treatment plants, and indirectly via nonpoint sources, such as urban runoff, agricultural fields, and natural/geologic sources, it is sorbed to suspended sediment during runoff events when stream velocities and availability of channel material are highest. Bound P can be stored in the stream bed as velocities subside and sediment settles, but during subsequent runoff events, P can be transported attached to re-suspended sediment particles and/or desorbed and released back to the water column ([@b47]; [@b48]). Stream length was initially introduced into the TP model using two flow classes -- streams with mean daily flows ≤1.4 m^3^/s and streams with mean daily flows \>1.4 m^3^/s. The final model included stream length only for streams with mean daily flows \>1.4 m^3^/s indicating that streams with smaller flows were less capable of producing and transporting large amounts of sediment from in-channel erosion. P contribution from in-channel erosion was about 0.03 kg/m of stream length on average for the LMTG region ([Table 1](#tbl1){ref-type="table"}). Because the TP model represents long-term steady-state conditions, inclusion and statistical significance of stream length as a source of P indicates that P attached to sediment from channel erosion and scouring may be ongoing, and long-term equilibrium with deposition has not yet been attained for medium to large streams in the LMTG region.

Land-use categories comprising the background source of P for the LMTG-TP model were NLCD categories for forests (deciduous, evergreen, and mixed), wetlands (woody and emergent herbaceous), scrub, and barren. Each of these categories was considered a separate source term in previous model runs, but some were not statistically significant. To account for all sources of P in the LMTG region, these land-use categories were combined into a single background source term as presented here, which was statistically significant in the final LMTG-TP model. On average, about 2 kg/km^2^/year of P are delivered to streams in the LMTG region from these background sources ([Table 1](#tbl1){ref-type="table"}). By comparison, P from background sources from the LMTG model were lower than P export rates for forests which typically range between 10 and 30 kg/km^2^/year as reported by [@b7]. Background source term coefficients in the national SPARROW model were as follows: forest land, 16.7 kg/km^2^/year; barren/transitional land, 135 kg/km^2^/year; and shrub land, 22.7 kg/km^2^/year ([@b2]). A possible explanation for the discrepancy between the export rate for the background source term from the LMTG-TP model and literature is that the LMTG-TP model also included stream length as a separate source, which represented P attached to sediment from in-channel erosion. This sediment-P term in the TP model could also be accounting for a portion of the exported P from those areas in the LMTG region categorized as background. Export rates reported in [@b7] and from the national SPARROW model likely reflect a combination of both dissolved and sediment/particulate P from similar areas.

Land-to-Water Delivery
----------------------

Land-to-water delivery variables common to both models were precipitation and overland flow in excess of infiltration, which were highly significant in both models (*p*-values \<0.01 as shown in [Table 1](#tbl1){ref-type="table"}). Precipitation is expressed as the natural log of the 30-year average from 1971 to 2000 in millimeters. Precipitation affects the amount and rate of surface water runoff available to transport TN and TP to streams in the LMTG region. With much higher precipitation in the eastern part of the LMTG region, it is expected that TN and TP loadings in streams in the eastern part of the region would be higher than those in the western part. Overland flow in excess of infiltration is a term based on the work of [@b8] and is estimated from storm hydrographs where precipitation rates exceed infiltration rates, so in a sense, represents runoff potential for the LMTG region. Overland flow in excess of infiltration is highest and a major part of storm hydrographs for landscapes that are disturbed or poorly vegetated in subhumid or semiarid climates. The overland flow in excess of infiltration term is expressed in percent of streamflow in the models with higher percentages (30-70%) in the western and coastal parts of the region and lower percentages (5-20%) in the eastern parts. Coefficients for precipitation and overland flow in excess of infiltration in both models are positive indicating that each term enhances transport of nutrients to nearby streams.

The LMTG-TP model also included soil erodibility as a land-to-water delivery term, and soil erodibility was highly significant ([Table 1](#tbl1){ref-type="table"}). The soil erodibility term in the TP model is the Soil Erodibility Factor, or *K*-factor, from the Universal Soil Loss Equation made available from the State Soil Geographic (STATSGO) database ([@b72]). Soil erodibility factor represents the susceptibility of soil particles to detachment and transport in runoff. The higher the value, the more susceptible a particular soil is to both detachment and transport. More than 50% of the LMTG region has soil erodibility values \>0.25. The coefficient for soil erodibility in the TP model is positive indicating that soil erodibility enhances TP movement into nearby streams from the landscape.

Instream Loss
-------------

For the TN model, the instream loss coefficient for stream reaches with mean daily flows ≤1.4 m^3^/s was about 0.37 day^−1^ ([Table 1](#tbl1){ref-type="table"}). The instream loss coefficient for stream reaches with mean daily flows \>1.4 and ≤28 m^3^/s was about 0.08 day^−1^ ([Table 1](#tbl1){ref-type="table"}). Both decay terms were highly significant (*p* \< 0.001) and were relatively consistent with other regional and national SPARROW models ([@b52]; [@b2]; [@b31]). Instream loss of N for stream reaches with mean daily flows \>28 m^3^/s was not statistically significant suggesting that instream processing of N for larger stream reaches was minimal. These findings support the understanding that N decline in streams has an inverse relation with increases in water depth and stream size and that N removal processes such as denitrification and settling of particulate matter are more inhibited in large streams ([@b2]). The loss of N in reservoirs was 12.1 m/year ([Table 1](#tbl1){ref-type="table"}), which compared well to the SE-TN SPARROW model which had a reservoir loss rate of 13.1 m/year ([@b31]).

Instream loss of P was initially modeled using the same stream class breaks (based on flow classes) as were used for the TN model. However, for all preliminary runs of the TP model, coefficients of instream loss of P for stream reaches with mean daily flows \>1.4 m^3^/s were consistently insignificant (*p*-values \>0.05). For the final LMTG-TP model, the only instream P loss term that was included was for stream reaches with mean daily flows ≤1.4 m^3^/s, and for these stream reaches, the P loss rate was 0.25 day^−1^ ([Table 1](#tbl1){ref-type="table"}). It should be noted that the same stream size classification (mean daily flows of 1.4 m^3^/s) was used for both the stream length term as a source (sediment from in-channel erosion) and here as a stream loss term. For stream reaches with mean daily flows \>1.4 m^3^/s, stream length was an important source and loss was minimal. These results imply that, for streams whose mean daily flows are \>1.4 m^3^/s, P bound to sediment continues to be transported downstream with minimal loss even with settling and re-suspension phases considered. The loss of P in reservoirs in the LMTG region was 8.67 m/year ([Table 1](#tbl1){ref-type="table"}), which is similar to the reservoir loss rate for N.

Distribution of Yields and Sources Throughout the LMTG Region
-------------------------------------------------------------

Incremental and delivered incremental TN and TP yields based on LMTG model output indicated that streams in the eastern part of the LMTG region and streams along the coast delivered more TN and TP than other locations ([Figure 3](#fig03){ref-type="fig"}). Reasons for high TN and TP yields in eastern LMTG streams include the following: (1) high rainfall, due to moist and unstable air-mass conditions in the eastern part of the region as opposed to arid conditions in the western and northwestern parts; (2) large inputs from sources such as agricultural fertilizer, livestock manure (confined), and atmospheric deposition (with respect to TN yields only); and (3) higher order streams with larger average flows in eastern than in western streams, and larger average flows lead to less instream loss of nutrients as they are transported to the Gulf of Mexico. Similar to streams in the eastern part of the LMTG region, most streams along the coast are in areas with high rainfall and are commonly larger order streams in which nutrient losses are negligible (with the exceptions being streams along the mid-Texas and lower-Texas coast). Coastal areas include several large population centers, thus nutrient yield of streams in those areas were influenced by inputs from point sources and urban runoff. Also, shorter travel distances in these coastal streams resulted in lower instream loss of nutrients compared to that in streams originating farther inland. Incremental and delivered incremental TN and TP yields for the LMTG region showed dendritic patterns similar to those for the national SPARROW model, indicating that a high percentage of yield is likely to be transported to the northwestern Gulf of Mexico from catchments nearest to large streams or from smaller streams that flow quickly into large streams ([@b2]).

![(A) Incremental Total Nitrogen Yield, (B) Delivered Incremental Total Nitrogen Yield, (C) Incremental Total Phosphorus Yield, and (D) Delivered Incremental Total Phosphorus Yield for the Lower Mississippi Texas-Gulf Region. Incremental yields are those generated for individual catchments, and delivered incremental yields are the portion of incremental yields that are delivered to downstream target areas, in this case, to terminal reaches along the Louisiana and Texas coasts.](jawr0047-1061-f3){#fig03}

On average, model results indicated that more of the P load (about 59%) generated from catchments in the LMTG region was delivered to the Gulf of Mexico than N load (about 48% as shown in [Table 2](#tbl2){ref-type="table"}). However, median TN and TP yields from LMTG catchments were 369 and 36 kg/km^2^/year, respectively, indicating that while a higher percentage of P generated in LMTG catchments was delivered to the Gulf, yields from N sources were at least an order of magnitude greater than yields from P sources.

###### 

Summary Statistics of Yields and Source Shares From Incremental Catchments From the Lower Mississippi Texas-Gulf Region (2002 conditions)

                                                                                                         Total Nitrogen   Total Phosphorus                                                              
  ------------------------------------------------------------------------------------------------------ ---------------- ------------------ ---- ----- ----- ----- ----- ---- ---- ---- ---- ---- ---- -----
  Incremental yield (kg/km^2^/year)                                                                      \-               \-                 43   165   369   616   955   \-   \-   2    10   36   85   185
  Source shares (%)                                                                                                                                                                                     
   Atmospheric deposition                                                                                42               22                 18   25    37    55    76    \-   \-   \-   \-   \-   \-   \-
   Point sources                                                                                         4                15                 0    0     0     0     9     5    16   0    0    0    0    13
   Urban runoff                                                                                          11               12                 2    5     8     13    21    23   20   3    10   18   31   51
   Farm fertilizer                                                                                       20               18                 0    4     15    32    48    28   24   0    7    24   45   66
   Livestock manure, confined                                                                            6                10                 0    1     2     6     18    \-   \-   \-   \-   \-   \-   \-
   Livestock manure, unconfined                                                                          17               11                 1    7     16    25    32    \-   \-   \-   \-   \-   \-   \-
   Livestock manure, combination of confined and unconfined                                              \-               \-                 \-   \-    \-    \-    \-    23   18   1    8    20   34   48
   Phosphorus from sediment from in-channel erosion                                                      \-               \-                 \-   \-    \-    \-    \-    11   21   0    0    1    13   37
   Background sources (forest, wetlands, barren, scrub)                                                  \-               \-                 \-   \-    \-    \-    \-    9    16   0    1    3    10   23
   Percentage of nitrogen/phosphorus load delivered tothe northwestern Gulf of Mexico from all reaches   48               37                 0    11    46    88    100   59   35   6    23   63   99   100

Notes: Incremental yields represent the load generated within an incremental watershed (the area that drains directly to a stream reach without passing through another stream reach) divided by the area of the incremental watershed. Mean and standard deviation values for incremental yields are not shown here due to influence of large values in these datasets. The large values are caused by large loads generated in catchments that have very small drainage areas. Source shares represent the contribution from each source as a percentage of the incremental yield.

Model output indicated that the largest source contributions of N to LMTG streams were atmospheric deposition (42%), commercial fertilizer (20%), and livestock manure from unconfined animal feeding operations (17%) ([Table 2](#tbl2){ref-type="table"}). The largest source contributions of P to LMTG streams were commercial fertilizer (28%), urban runoff (23%), and livestock manure combined from both confined and unconfined animal feeding operations (23%). Combined urban sources (point sources and urban runoff) contributed about 15% TN and about 28% TP, and P bound to sediment from in-channel erosion contributed about 11% TP to LMTG streams. For TN, model output suggested that the two most dominant sources spatially were atmospheric deposition and fertilizer ([Figure 4A](#fig04){ref-type="fig"}). For TP, the two most dominant sources were fertilizer and manure ([Figure 4B](#fig04){ref-type="fig"}). Source contributions mentioned here were averages for catchments in the entire LMTG region and could be much higher or lower for any particular catchment.

![Primary Sources of (A) Total Nitrogen and (B) Total Phosphorus as a Percentage of Incremental Catchment Loads in the Lower Mississippi Texas-Gulf Region.](jawr0047-1061-f4){#fig04}

If all agricultural sources were considered, contributions presented here for the LMTG region (43% for TN and 51% for TP as shown in [Table 2](#tbl2){ref-type="table"}) were similar compared to national SPARROW results presented in [@b65]) (48% for TN and 50% for TP) but were lower than those presented in [@b2]) (58% for TN and 80% for TP). For the agricultural sources, all three models used similar county-level datasets for fertilizer sales and livestock manure contributions (such as those presented in [@b58]) except for different baseline periods. Urban and nonagricultural/nonurban contributions from the LMTG region were not directly comparable to the previous national models. The one major difference between the LMTG models and national models was the contribution of atmospheric deposition N as a percentage of the total N load. Atmospheric deposition N contributed about 42% of the TN load to LMTG streams. Atmospheric deposition contributed only about 18% of the TN load in the two previously presented national models. However, the national models only considered wet deposition of nitrate-N whereas the LMTG-TN models considered wet deposition of TIN which included contributions of nitrate-N and ammonia-N. [@b65] indicated that total deposition could be 3-4 times wet nitrate deposition. In addition, another study by [@b3] indicated that some of the watersheds along the Louisiana and Texas coasts had fairly high export rates for atmospheric N including Calcasieu Lake and Upper Laguna Madre and that atmospheric N was a large percentage of the total N export in Terrebonne Bay and Sabine Lake.

It should be noted that selected source terms included in each model could be incorporating the effects of other parameters correlated with the source terms or could be compensating for source terms that were either not included or were not considered statistically significant (*p* \> 0.05). For example, in the TN model, atmospheric deposition was the dominant source. However, there were no background sources of N that were considered in the TN model or were statistically significant (e.g., grass and/or scrubland land-use classifications). The atmospheric deposition term could, therefore, also be representing N from background sources. Another example related to the TN model is that N from crop fixation was not accounted for as a specific source. Datasets that adequately describe N fixation for the LMTG region were unavailable. Fixation as a source of N could be indirectly related to other terms such as atmospheric deposition and spreading of manure. Therefore, it was likely that several of the source coefficients in the TN model indirectly accounted for N from crop fixation. With respect to the TP model, commercially applied fertilizer was the primary source of P for northwestern Mississippi, an area dominated with row crop agriculture ([Figure 4B](#fig04){ref-type="fig"}). However, very little P is applied to fields annually in this region due to adequate supply of P in soils ([@b37]; [@b40], [@b41]). For these areas of the LMTG region, the commercial fertilizer term could be accounting for elevated residual P in soils due to prior P applications and now soils are the source, or the commercial fertilizer term could be accounting for another source of P not included in the TP model. This model limitation could be related to the fact that data available for model input are insufficient to document such things as residual P in soils. Also, fertilizer input datasets were based on county sales data, not actual placement, and were distributed according to agricultural land use in general.

Loads, Yields, and Sources by Watershed
---------------------------------------

Model output indicated that the Lower Mississippi River and Atchafalaya River/Terrebonne Bay watersheds delivered the greatest loads to the northwestern Gulf of Mexico, as expected ([Table 3](#tbl3){ref-type="table"}). Yields from the LMTG models were compared to those presented in literature, and to accomplish direct comparisons, TN and TP yields were re-computed for four selected watersheds of the MARB and for the entire MARB as follows: Arkansas River, Red River, Lower Mississippi (excluding the Arkansas River), and Atchafalaya River (excluding the Red River) ([Table 4](#tbl4){ref-type="table"}). Although the yields were computed for varying time periods and by different methods in these studies, yields generated by the LMTG models were in general agreement with published values. The major difference was the wide variation in yields computed for the Lower Mississippi River basin, which is likely due to how each study computed yields for this basin. In all cases, yields from the Lower Mississippi River basin were the highest of the three selected watersheds and were higher than the yields for the entire MARB. This indicates that, although loads from the Lower Mississippi River basin were a fraction of the MARB load, more load per unit drainage area was being generated from the Lower Mississippi River basin than from other parts of the MARB except for the Upper Mississippi River basin as indicated in [@b27] and [@b70]. In addition, most of the yield generated from this same area was delivered to the Gulf as previously stated ([Figures 3B and 3D](#fig03){ref-type="fig"}).

###### 

Watershed load, yield, and source estimates from the Lower Mississippi Texas-Gulf region

  Nitrogen model results by watershed   Percent delivered load by source, percent                                                                                                                                                                                                              
  ------------------------------------- ------------------------------------------- --------- -------- --------- ------------------------------------- ------------------------------------ ------------------------------------ ------------------------------------ ---- ---- ---- ---- ---- ----
  Lake Borgne                           3,270                                       2,320     1,330    8,150     205                                   145                                  83                                   511                                  41   23   13   4    8    10
  Lower Mississippi River               183,000                                     125,000   54,300   341,000   300[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   26   19   8    5    10   32
  Barataria Bay                         1,960                                       1,360     633      4,380     342                                   237                                  110                                  763                                  43   20   8    0    8    22
  Atchafalaya River/Terrebonne Bay      92,800                                      63,700    37,500   198,000   355                                   244                                  144                                  758                                  34   17   8    7    11   22
  Mermentau River                       3,160                                       2,260     1,000    6,910     351                                   252                                  111                                  769                                  34   2    7    0    11   46
  Calcasieu River                       6,520                                       4,510     2,170    17,900    591                                   409                                  197                                  1,620                                31   34   13   0    8    14
  Neches/Sabine Rivers                  20,600                                      14,200    6,750    45,300    381                                   262                                  125                                  835                                  31   21   15   7    14   11
  Trinity River/Galveston Bay           40,500                                      28,100    13,400   82,100    656                                   456                                  217                                  1,330                                10   60   13   1    8    8
  Brazos River                          24,500                                      16,800    8,440    56,600    201                                   138                                  69                                   464                                  15   27   7    3    20   27
  Colorado River/Matagorda Bay          16,300                                      11,200    5,860    28,700    133                                   92                                   48                                   235                                  17   16   7    3    21   35
  San Antonio/Guadalupe Rivers          9,680                                       6,660     3,310    25,900    361                                   248                                  123                                  966                                  17   22   10   10   22   19
  Aransas River                         2,760                                       1,950     1,080    6,190     431                                   304                                  169                                  965                                  26   2    9    1    20   42
  Nueces River/Corpus Christi Bay       2,330                                       1,610     788      5,360     52                                    36                                   18                                   120                                  17   41   14   1    8    20
  Upper Laguna Madre                    2,230                                       1,550     764      4,020     145                                   100                                  50                                   261                                  31   8    9    3    20   30
  Lower Laguna Madre                    2,440                                       1,690     869      6,880     228                                   158                                  81                                   642                                  19   31   14   1    6    30

  Phosphorus model results by watershed   Percent delivered load by source, percent                                                                                                                                                                                                          
  --------------------------------------- ------------------------------------------- -------- ------- --------- ------------------------------------ ------------------------------------ ------------------------------------ ------------------------------------ ---- ---- ---- ---- --- ---
  Lake Borgne                             701                                         617      183     1,870     44                                   39                                   12                                   117                                  22   41   15   11   6   5
  Lower Mississippi River                 41,200                                      33,500   6,920   119,000   70[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   \-[2](#tf3-2){ref-type="table-fn"}   21   16   50   9    3   2
  Barataria Bay                           401                                         369      87      949       70                                   64                                   15                                   165                                  46   16   25   6    5   3
  Atchafalaya River/Terrebonne Bay        15,000                                      12,300   2,820   43,900    58                                   47                                   11                                   168                                  21   20   36   14   5   4
  Mermentau River                         923                                         794      195     2,800     103                                  88                                   22                                   312                                  2    19   65   10   3   2
  Calcasieu River                         1,370                                       1,130    328     3,740     124                                  102                                  30                                   339                                  26   34   23   9    3   5
  Neches/Sabine Rivers                    2,960                                       2,420    618     8,460     55                                   45                                   11                                   156                                  21   37   15   18   5   5
  Trinity River/Galveston Bay             6,230                                       5,120    1,330   19,000    101                                  83                                   22                                   308                                  51   29   9    8    2   1
  Brazos River                            3,280                                       2,680    666     9,910     27                                   22                                   5                                    81                                   27   17   32   19   4   1
  Colorado River/Matagorda Bay            2,170                                       1,770    522     5,450     18                                   15                                   4                                    45                                   11   15   45   22   5   2
  San Antonio/Guadalupe Rivers            1,290                                       1,060    244     3,600     48                                   39                                   9                                    134                                  25   23   21   22   6   2
  Aransas River                           404                                         346      83      1,050     63                                   54                                   13                                   164                                  2    19   56   17   3   3
  Nueces River/Corpus Christi Bay         337                                         278      64      1,050     8                                    6                                    1                                    24                                   39   25   19   8    5   3
  Upper Laguna Madre                      202                                         166      40      496       13                                   11                                   3                                    32                                   10   19   45   18   6   2
  Lower Laguna Madre                      256                                         211      47      742       24                                   20                                   4                                    69                                   41   24   28   4    3   1

Notes: LMTG, Lower Mississippi Texas-Gulf region.

Selected watersheds were combined as follows: (1) the Lake Borgne watershed includes reaches from the Breton/Chandeleur Sound watershed, (2) the Atchafalaya River/Terrebonne Bay watershed is a combination of the Atchafalaya/Vermillion Bays watershed and the Terrebonne/Timbalier Bays watershed, and (3) the Upper Laguna Madre watershed includes reaches from the Palo Blanco River watershed. In addition, some of the estuarine watershed names do not reflect important rivers or tributaries. For example, the Galveston Bay watershed was revised to be the Trinity River/Galveston Bay watershed. The Lower Mississippi River watershed includes the Arkansas and White Rivers, and the Atchafalaya River/Terrebonne Bay watershed includes the Red River. "Delivered" is defined as loads and yields delivered to the target reaches of the LMTG region which include the terminal reaches of each stream that empties into a bay, estuary, or directly to the Gulf of Mexico along the Louisiana and Texas coasts. For ease of use, "delivered" infers delivered to the Gulf of Mexico.

Delivered yield was re-calculated by removing upper Mississippi River loads from LMTG loads, and subsequently, standard error calculations and confidence intervals were not re-calculated.

###### 

Estimated yields of total nitrogen and total phosphorus for selected watersheds of the Mississippi-Atchafalaya River Basin.[1](#tf4-1){ref-type="table-fn"}

                                                             Total Nitrogen   Total Phosphorus
  ---------------------------------------------------------- ---------------- ------------------
  Lower Mississippi                                                           
   [@b64]                                                    NA               36
   [@b27]                                                    630              58
   [@b70]                                                    1700             194
   LMTG SPARROW models[2](#tf4-2){ref-type="table-fn"}       734              197
  Arkansas-White[3](#tf4-3){ref-type="table-fn"}                              
   [@b35]                                                    110              11
   [@b27]                                                    130              13
   [@b70]                                                    141              14
   LMTG SPARROW models                                       111              11
  Red[4](#tf4-4){ref-type="table-fn"}                                         
   [@b27]                                                    250              53
   [@b70]                                                    147              24
   LMTG SPARROW models                                       156              22
  Atchafalaya                                                                 
   [@b2]                                                     397              34
   LMTG SPARROW models[5](#tf4-5){ref-type="table-fn"}       355              58
  Entire Mississippi River[6](#tf4-6){ref-type="table-fn"}                    
   [@b64]                                                    NA               38
   [@b35]                                                    398              34
   [@b27]                                                    497              32
   [@b70]                                                    483              45
   [@b2]                                                     377              30
   LMTG SPARROW models                                       337              36

Notes: NA, not available; LMTG, Lower Mississippi Texas-Gulf region; SPARROW, SPAtially Referenced Regressions on Watershed attribuites; USGS, U.S. Geological Survey

This table is modified from [@b70].

Lower Mississippi River yields presented here were computed by subtracting Upper Mississippi and Arkansas River loads and drainage areas from entire Mississippi River loads and drainage areas.

USGS gaging station 07263620 Arkansas River at David D Terry Lock and Dam below Little Rock, Arkansas.

USGS gaging station 07355500 Red River at Alexandria, Louisiana.

Atchafalaya River yields presented here include the Red River drainage area for comparison purposes to [@b2]

USGS gaging station 07373420 Mississippi River near St. Francisville, LA.

Although the Lower Mississippi River and Atchafalaya River/Terrebonne Bay watersheds delivered the greatest loads to the northwestern Gulf of Mexico, delivered yields from other watersheds were as high or higher ([Table 3](#tbl3){ref-type="table"}) (see also [@b56]). The watersheds with the three highest delivered TN yields were from the Trinity River/Galveston Bay, Calcasieu River, and Aransas River watersheds, while watersheds with the three highest delivered TP yields were from the Calcasieu River, Mermentau River, and Trinity River/Galveston Bay watersheds ([Table 3](#tbl3){ref-type="table"}). Yield estimates from the LMTG models for selected Texas and Louisiana coastal watersheds were compared to literature values, namely, [@b1] and [@b19] ([Table 5](#tbl5){ref-type="table"}). Yield values presented in [@b1] were based on national SPARROW results for a baseline year of 1987. [@b19] computed yields for the period 1972-1993 for most of the major rivers that drain from the conterminous U.S. to the Gulf. Because several watersheds were combined for presentation purposes in this paper, yields published by [@b19] were re-computed for comparison purposes for the following watersheds: (1) San Antonio and Guadalupe Rivers, (2) Brays Bayou, Whiteoak Bayou, and Trinity River, and (3) the Neches and Sabine Rivers. Although the yields were computed for varying time periods and by different methods in these studies, yields estimated from the LMTG models compared well to published estimates for the most part. Departures from published values were likely due to how watersheds were delineated for each study and not necessarily a result of land-use changes in a specific watershed that could have caused an increase or decrease in yields. For example, the Galveston Bay watershed was delineated for this study to include not only the Trinity River but also the San Jacinto River \[which was excluded in [@b19]\], and the Upper Laguna Madre included the Palo Blanco River and Baffin Bay.

###### 

Estimated Yields of Total Nitrogen and Total Phosphorus for Selected Watersheds Along the Louisiana and Texas Coasts

                              Total Nitrogen   Total Phosphorus
  --------------------------- ---------------- ------------------
  Barataria Bay                                
   [@b1]                      541              NA
   LMTG SPARROW models        342              70
  Calcasieu                                    
   [@b1]                      616              NA
   [@b19]                     546              34
   LMTG SPARROW models        591              124
  Neches/Sabine                                
   [@b1]                      351              NA
   [@b19]                     220              15
   LMTG SPARROW models        381              55
  Trinity/Galveston Bay                        
   [@b1]                      468              NA
   [@b19]                     258              44
   LMTG SPARROW models        656              101
  Brazos                                       
   [@b19]                     130              18
   LMTG SPARROW models        201              27
  Colorado/Matagorda Bay                       
   [@b1]                      123              NA
   [@b19]                     36               6
   LMTG SPARROW models        133              18
  San Antonio/Guadalupe                        
   [@b19]                     311              52
   LMTG SPARROW models        361              55
  Nueces/Corpus Christi Bay                    
   [@b1]                      56               NA
   [@b19]                     31               3
   LMTG SPARROW models        52               8
  Upper Laguna Madre                           
   [@b1]                      717              NA
   LMTG SPARROW models        145              13
  Lower Laguna Madre                           
   [@b1]                      566              NA
   LMTG SPARROW models        228              24

Notes: NA, not available; LMTG, Lower Mississippi Texas-Gulf region; SPARROW, SPAtially Referenced Regressions On Watershed attributes.

With respect to TN source contributions within the coastal watersheds, model output indicated that atmospheric deposition was highest (\>40%) in the Lake Borgne and Barataria Bay watersheds. The Trinity River/Galveston Bay and Nueces River/Corpus Christi Bay watersheds were highly influenced by urban activities as the combined point source and urban runoff contributions totaled more than 50% of the delivered load. In contrast, the Colorado River/Matagorda Bay and Aransas River watersheds were affected by agricultural activities as the combined fertilizer and livestock manure contributions totaled nearly 60% or more of the delivered load, respectively. With respect to TP source contributions, the Trinity River/Galveston Bay, Nueces River/Corpus Christi Bay, and Lower Laguna Madre watersheds were highly influenced by urban activities as the combined point source and urban runoff contributions totaled more than 60% of the delivered load. In contrast, the Colorado River/Matagorda Bay, Aransas River, and Upper Laguna Madre watersheds were affected by agricultural activities as the combined fertilizer and livestock manure contributions totaled more than 60% of the delivered load. Although statistically significant as sources in the TP model, the combined P contribution from in-channel erosion (sediment) and from background land-use classifications did not total more than 11% of the delivered load for any of the 15 watersheds in the LMTG region.

Watershed Specific Example
--------------------------

Results from the SPARROW models can help resource managers in the LMTG region address critical questions concerning nutrient issues in local watersheds. For example, LMTG model output for the Trinity River/Galveston Bay watershed indicated that pockets of elevated delivered incremental TN and TP yields were located in the upper part of the watershed and near the watershed outlet in close proximity of the cities of Dallas/Ft. Worth and Houston, respectively ([Figures 5A and 5B](#fig05){ref-type="fig"}).

![(A) Delivered Incremental Total Nitrogen Yield and (B) Delivered Incremental Total Phosphorus Yield for the Trinity River/Galveston Bay Watershed. Delivered incremental yields are the portion of incremental yields (yields generated for individual catchments) that are delivered to downstream target areas, in this case, to reaches that terminate into Galveston Bay.](jawr0047-1061-f5){#fig05}

Combined urban sources (point sources and urban runoff) were the primary source contributions in this watershed and accounted for about 73% of the TN load and about 80% of the TP load delivered to the outlet of the watershed based on LMTG model output ([Table 3](#tbl3){ref-type="table"}). The impact of urban sources has been well documented as to their relative importance to nutrient loadings into Galveston Bay ([@b33]; [@b20]; [@b32]; [@b66]; see also [@b43]; [@b4]; [@b22]), although percentages in other publications were typically lower than those listed here for the LMTG models. For example, point source contributions were 44% TN and 34% TP to Galveston Bay as presented in the Galveston Bay Plan of the [@b23] while point source contributions based on LMTG model output were 60% TN and 51% TP to Galveston Bay. Higher percentages of point source contributions for the LMTG models were likely artifacts of model calibration indicated by model coefficients for point sources greater than one for both models as previously explained.

The effect of reservoirs on nutrient loads entering Galveston Bay has also been a focus of previous work. Lake Livingston, located on the Trinity River about 175 km above Galveston Bay, was constructed in 1971 for water supply purposes ([@b49]) and is considered a significant sink for nutrient loads ([@b38]; see also [@b67]; [@b22]). In their work, [@b38] computed reductions in nutrient loads for the period 1974-1991 by subtracting the mean annual nutrient loads from the USGS gaging station 08066500 Trinity River at Romayor located 50 km downstream of the reservoir from mean annual loads computed at USGS gaging station 08065350 Trinity River near Crockett located 110 km upstream of the reservoir. Their work indicated that Lake Livingston reduced TN loads by 35% and TP loads by 65%. Using similar methods, [@b13] indicated a 71% reduction for TN loads and 63% reduction for TP loads for 2000, and a 36% reduction for TN loads and a 58% reduction for TP loads for 2001. Output from the LMTG models indicated a 26% TN load reduction and a 46% TP load reduction over the same portion of the Trinity River that included Lake Livingston as defined in these previous studies. The reduction percentages for the LMTG models were lower than those presented in other studies likely reflecting the fact that LMTG values represent long-term mean annual values. In addition, SPARROW model output includes a direct estimate of reservoir decay computed for each reservoir in the LMTG region, and for Lake Livingston, model output indicated a 37% TN load reduction and a 30% TP load reduction through the Lake. In all cases, Lake Livingston does, in fact, reduce nutrient loads as previously reported, but it does not reduce all nutrient loads generated from upstream locations from entering Galveston Bay.

Much of the focus of nutrient loading to Galveston Bay has centered on the Trinity River due to the fact that it accounts for about 70% of the total Galveston Bay watershed. However, model output indicated an area of elevated TN and TP yield in the western part of the watershed, which includes the San Jacinto River and City of Houston (located on the north shore of Galveston Bay, see [Figures 5A and 5B](#fig05){ref-type="fig"}). Although the San Jacinto River flows into the Lake Houston reservoir, which was also built for water supply purposes, the reservoir is located upstream of the City of Houston, and therefore, does not trap nutrients generated within city limits from point sources and urban runoff. The western portion of Galveston Bay has also been characterized as having high nutrient loads which increases eutrophication and phytoplankton community response in this area ([@b20]; [@b54]; [@b53]). [@b53] went on to say that, in 2008, the San Jacinto River watershed was a greater contributor of nutrients to Galveston Bay than was the Trinity River, and that the nutrient inputs from the San Jacinto River reflected inputs from the Houston Ship Channel and urbanization and industrialization from the Houston metropolitan area. Therefore, delivered incremental yields from LMTG model output can help resource managers understand yield contributions for the entire Galveston Bay watershed, not only from the Trinity River, but also the western portions of the watershed.

Summary and Conclusions
=======================

SPARROW models were developed to estimate delivery of TN and TP loads (mass) and yields (mass per unit area of catchment) from streams that drain to the northwestern part of the Gulf of Mexico from the Lower Mississippi, Arkansas-White-Red, and Texas-Gulf (LMTG) region. Load estimates standardized to the 2002 base year from 344 sampled sites for the TN model and from 442 sampled sites for the TP model were used for calibration. Streams in the eastern part of the region and streams along the coast delivered more N and P than other locations in the LMTG region, a consequence of shorter travel times and distances, higher inputs from sources, rainfall patterns, and less instream loss of nutrients (streams in eastern and coastal areas are larger than those in other areas in the LMTG region). The Mississippi River and Atchafalaya River/Terrebonne Bay watersheds, which drain nearly two-thirds of the conterminous U.S. land area, delivered the largest loads of TN and TP to the Gulf of Mexico, as expected, but yields from other watersheds in the LMTG region were as high or higher than those in these two watersheds. The highest delivered TN yields were from the Trinity River/Galveston Bay, Calcasieu River, and Aransas River watersheds, while the highest delivered TP yields were from the Calcasieu River, Mermentau River, and Trinity River/Galveston Bay watersheds.

Simulations made with the LMTG SPARROW models developed here allow for relative watershed-to-watershed comparison of nutrient yields and sources, and results can be scaled to address local watershed issues as well as broader concerns such as the influence of LMTG streams on Gulf hypoxia. Delivered incremental yields and primary sources as identified from LMTG model output, such as those presented for the Trinity River/Galveston Bay watershed, provide a complete picture to assess the origin of elevated nutrient loads and yields and to identify the primary sources of nutrients within those areas. Such information is useful to water resource managers in nutrient criteria and total maximum daily load development, as well as nutrient reduction strategies to protect downstream sea grass beds and other aquatic resources in bays and estuaries along the Louisiana and Texas coasts.

It should be noted that uncertainty increases in load estimates and source allocations, especially at very small scales or for very small tributaries, due to limitations in the datasets used to complete model calibration and predictions. The LMTG SPARROW models could be improved by using a more refined digital stream reach network, which would allow for better source and land-to-water delineations, use of more monitoring stations for calibration, and better estimates of nutrient transport and decay. LMTG models also could be improved by using updated datasets such as confirmation of precise tributary locations and load estimates for municipal and industrial point sources.
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Additional Supporting Information may be found in the online version of this article:

**Data S1.** Development of the LMTG SPARROW models, maps of final sources and land-to-water delivery variables used, and maps of delivered incremental yield for watersheds in the LMTG region not presented in the article are available as part of the online paper.
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